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Introduction 


The  aim  of  this  proposal  is  to  isolate  and  characterize  prostatic  epithelial  stem  cells.  This  will 
be  done  as  stem  cell  and  tumor  cell  biology  may  be  closely  linked  and  stem  cells  are  increasingly 
thought  to  have  a  role  in  the  etiology  of  cancer  (1-7).  Stem  cells  and  tumor  cells  have  many  common 
features  including  self-renewal,  multi-drug  resistance,  telomerase  expression  and,  in  the  instance  of  the 
prostate,  androgen  independence.  Recently  primitive  normal  prostate  cells  have  been  shown  to  express 
the  Sca-1  antigen  (8,  9).  The  progenitor  cells  are  sensitive  to  oncogenic  transformation  (9)  and  Pten 
deletion  leads  to  the  expansion  of  a  prostate  progenitor  cell  population  (10)  indicating  that  progenitor 
prostate  cells  may  be  targets  of  transformation. 

Stem  cells  from  a  variety  of  tissues  have  been  shown  to  actively  efflux  the  Hoechst  dye  (11) 
through  the  activity  of  multi-drug-resistance  (MDR)-like  proteins  (12)  and  this  property  has  been  used 
to  characterize  and  isolate  them  as  a  side  population  (SP). 

There  is  also  a  compelling  body  of  evidence  that  indicates  that  adult  bone  marrow  (BM)- 
derived  stem  cells  are  able  to  differentiate  into  numerous  types  of  tissues  (13).  Recent  evidence  also 
indicates  that  gastric  cancer  can  originate  from  BM-derived  cells  (14).  This  data  indicates  that  BM 
gives  rise  not  only  to  normal  differentiated  cells  in  a  variety  of  organs  but  that  BM  cells  are  also 
capable  of  being  transformed  within  an  organ  and  form  tumors. 

The  aim  of  this  proposal  is  to  determine  if  cells  with  properties  expressed  by  side  population 
cells  are  located  in  the  prostatic  tissue  of  mice,  to  examine  these  cells  for  the  expression  of  marker 
proteins  and  to  determine  if  they  have  growth  properties  of  stem  cells.  In  addition  we  will  determine  if 
BM  cells  are  able  to  ‘home’  to  prostate  and  differentiate  into  normal  tissues 

Body 

Tasks  2  and  3.  To  identify  and  isolate  the  side  population  (SP)  of  Hoechst-effluxing  cells  from 
the  dorsal  prostate  (DP)  and  to  identify  the  proteins  expressed  in  SP  cells. 

Our  previous  progress  report  defined  the  conditions  for  labeling  prostate  cells  with  the  Hoechst 
33342  dye  to  identify  and  isolate  the  Hoechst-excluding  prostate  SP.  We  found  that  ~0.65%  of  dorsal 
prostate  (DP)  cells  belong  to  the  Hoechst-excluding  SP  and  that  96%  of  SP  cells  expressed  Sca-1  with 
88%  of  cells  expressing  both  Sca-1  and  a6  integrin,  two  proteins  found  on  the  surface  of  a  number  of 
types  of  stem  cells.  We  also  showed  that  SP  cells  have  a  greater  in  vitro  proliferative  capacity  than 
non-SP  cells  and  formed  both  larger  and  more  ducts  in  collagen  gels  than  non-SP  cells. 

We  were  unable  to  do  the  in  vivo  experiments  proposed  in  Task  3  due  to  the  low  numbers  of 
SP  cells  obtained  in  the  prostate  (<1%)  and  due  to  their  poor  viability  as  they  have  an  in  vitro  cloning 
efficiency  of  ~0.5%.  This  resulted  in  so  few  cells  with  the  ability  to  proliferate  that  we  were  unable  to 
obtain  sufficient  numbers  of  cells  to  insert  under  the  renal  capsule  of  recipient  animals  or  to  further 
fractionate  and  isolate  them  based  on  the  expression  of  Sca-1  and  a6  integrin.  The  Hoechst  dye  33342 
has  been  found  to  be  toxic  to  some  cells  and  can  result  in  low  viability  after  FACS  sorting.  As  this  was 
our  experience  we  were  unable  to  proceed  with  this  approach.  We  will  also  be  unable  to  do  the  in  vivo 
intraprostatic  inoculations  of  GFP-tagged  FACS  isolated  SP  cells  proposed  in  Task  4.  The  low 
numbers  of  SP  cells  with  growth  capacity  means  that  sufficient  GFP-tagged  SP  cells  will  not  be  able  to 
be  obtained  for  these  intraprostatic  in  vivo  studies. 
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As  we  had  shown  that  almost  all  the  SP  cells  expressed  Sca-1  and  as  SP  cells  have  been  shown 
to  have  stem  cell  properties  in  other  systems  we  proceeded  to  isolate  the  Sca-1  expressing  population 
from  the  proximal  and  remaining  regions  of  ducts  and  compare  their  properties  in  in  vivo  assays.  We 
found  that  Sca-1  is  highly  expressed  in  the  proximal  region  of  prostatic  ducts  and  that  prostatic  stem 
cells  can  be  isolated  based  on  high  levels  of  expression  of  Sca-1. 

We  found  that  52  ±  1 1%  of  proximal  cells  express  Sca-1  compared  with  18  ±  7%  of  cells  in  the 
remaining  regions  of  ducts.  The  proximal  region  also  had  far  more  cells  (10  ±  1%)  expressing  high 
levels  of  Sca-1  (Sca-lhlgh)  than  remaining  ductal  regions  (2  ±  1%)  (8).  We  also  found  that  the  proximal 
region  is  considerably  enriched  (28  ±  4%)  in  Sca-1  expressing  cells  that  co-express  a6  integrin  and 
Bcl-2  -  two  other  antigens  shown  to  be  expressed  by  stem  cells  -  than  remaining  regions  (1  ±  1%)  (8). 
These  results  show  that  there  are  striking  differences  in  the  distribution  of  cells  expressing  Sca-1,  a6 
integrin  and  Bcl-2  in  different  ductal  regions.  Cells  with  high  levels  of  Sca-1  are  predominantly 
confined  to  the  proximal  region  and  triple  labeled  cells  with  high  levels  of  Sca-1  are  almost  exclusively 
confined  to  this  region  (8). 

Sca-1  expressing  cells  have  high  in  vivo  regenerative  potential 

The  ability  to  regenerate  tissue  in  vivo  is  a  characteristic  of  stem  cells  and  this  property  has  been 
used  to  identify  various  antigens,  including  Sca-1,  as  stem  cell  markers  (15,  16).  We  therefore 
determined  the  growth  potential  of  Sca-1  expressing  cells  isolated  (using  magnetic  beads  and 
antibodies  to  Sca-1)  from  the  proximal  and  the  remaining  ductal  regions  and  compared  their 
proliferative  potential  in  vivo  with  cells  that  did  not  express  this  antigen.  These  populations  were 
combined  with  cells  isolated  from  the  urogenital  sinus  mesenchyme  (UGM)  of  18  day  old  embryos 
(inductive  mesenchyme  for  prostatic  tissue),  inserted  under  the  renal  capsule  of  recipient  male  animals 
and  the  amount  of  prostatic  tissue  generated  was  measured  after  8  weeks.  Sca-1  expressing  cells 
isolated  from  the  proximal  region  formed  significantly  more  prostatic  tissue  (17.1  fold;  p  <  0.001)  than 
was  obtained  from  the  Sca-1  depleted  proximal  population  (Fig.  1)  (8). 


o> 
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Proximal  Remainder 


Fig.  1.  Sca-1+  cells  have  greater  in  vivo  regenerative  capacity  than 
Sca-1-  cells.  The  growth  of  Sca-1+  and  Sca-1-  cells  (105  cells)  that  were 
isolated  from  either  the  proximal  or  the  remaining  regions  and  transplanted 
under  the  RC  was  measured  after  8  weeks.  Sca-1+  cells,  obtained  from  the 
proximal  region  formed  17.1  fold  more  prostatic  tissue  than  Sca-1-  cells  (p 
<  0.001).  Sca-l-i-  cells,  obtained  from  the  remaining  ductal  regions,  had  far 
less  growth  potential  than  Sca-1+  proximal  cells  ( p  <  0.001).  Sca-1-  cells 
from  the  remaining  regions  showed  less  growth  than  Sca-l-i-  cells  from 
this  region  (p  <  0.001). 


Sca-1  expressing  cells  isolated  from  the  remaining  ductal  regions  also  formed  prostatic  tissue 
under  the  RC  (~32  mg)  but  formed  far  less  tissue  than  observed  for  Sca-1  expressing  cells  isolated 
from  the  proximal  region  (~200  mg),  indicating  that  these  Sca-1  expressing  populations  differ 
markedly  in  their  in  vivo  growth  potential  (p  <  0.001).  Sca-1  depleted  cells  isolated  from  the  remaining 
regions  of  ducts  formed  very  little  sub-RC  tissue. 
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Fig.  2.  Sca-lhlgh  cells  have  greater  in  vivo  regenerative  capacity  than 
cells  that  express  lower  levels  of  Sca-1.  Cells  were  isolated  from  the 
proximal  region  and  FACS  sorted  into  Sca-lhig\  Sea- 1 nlcd/l°  and  Sca-lnegative 
fractions.  The  cell  populations  (3  x  104)  were  transplanted  under  the  RC 
and  the  growth  of  prostatic  tissue  was  measured  after  10  weeks. 

(A)  Sea- lhlgh cells  formed  6.3  fold  more  prostatic  tissue  than  Sca-lmed/1° 
cells  (p  <  0.001)  and  7.5  fold  more  prostatic  tissue  than  Sea- lnegatlve  cells 

(p  =  0.001). 

(B)  Prostate  tissue  initiated  with  3  x  104  Sca-lhlg\  Sca-1  nlcd/l°  or 
Sca-lnegatlve  cells  isolated  by  FACS  from  the  proximal  region  of  ducts. 

Bars  =  3  mm. 


As  our  FACS  data  showed  that  cells  expressing  high  levels  of  Sca-1  were  confined 
predominantly  to  the  proximal  region  of  ducts,  we  determined  whether  Sca-lhlgh  cells  had  greater 
growth  potential  than  cells  with  medium/low  Sca-1  expression.  Proximal  cell  populations  were  FACS 
sorted  into  fractions  containing  cells  with  high  median  fluorescence  intensity  (MFI)  (Sca-lhlgh),  medium 
to  low  MFI  (Sca-lmed/l°)  and  no  Sca-1  expression  (Sca-lnegative)  and  inserted  under  the  RC  of  recipient 
animals.  Sca-lhlgh  cells  formed  significantly  more  prostatic  tissue  than  Sca-lmed/1°or  Sca-lnegative  cells 
(Fig.  2)  (8). 

Although  the  tissue  growth  obtained  was  less  than  in  experiments  using  magnetic  beads  (due  to 
the  stress  that  the  cells  undergo  during  FACS  sorting;  note  also  that  far  fewer  FACS  sorted  cells  (3  x 
104)  were  used),  these  results  show  that  almost  all  of  the  in  vivo  regenerative  potential  is  confined  to 
cells  that  express  high  levels  of  Sca-1.  The  prostatic  tissue  obtained  from  Sca-lhlgh  cells  had  normal 
prostatic  histology  comprising  basal  and  luminal  cells  lining  prostatic  ducts.  The  lumina  of  the  ducts 
contained  abundant  amounts  of  secretory  material.  In  contrast,  the  tissue  arising  from  Sca-lmed/l0and 
Sca-lnegative  cells  contained  more  stroma  with  less  of  an  epithelial  component  and  little  secretory 
material  was  noted  within  the  ducts. 

These  results  show  that  cells  expressing  Sca-1  have  considerably  more  growth  potential  than 
those  lacking  this  antigen  and  that  the  proliferative  ability  within  the  Sca-1  expressing  proximal  cells 
resides  in  cells  that  express  high  levels  of  this  antigen.  They  also  show  that  Sca-1  expressing  cells 
residing  in  the  proximal  region  are  more  primitive  than  those  Sca-1  expressing  cells  in  the  remaining 
ductal  regions  as  they  have  far  higher  regenerative  capacity.  These  data  indicate  that  stem  cells  reside 
within  the  Sca-1  expressing  population  in  the  proximal  region,  whereas  cells  with  more  limited  growth 
potential  (transit-amplifying  cells),  reside  within  the  Sca-1  expressing  cells  in  the  remaining  ductal 
regions. 

Task  5.  To  determine  if  bone  marrow-derived  cells  can  differentiate  into  and  ‘home’  to  organs  of 
the  urogenital  tract. 

As  transplanting  mice  with  GFP-expressing  donor  bone  marrow  and  subsequent  cycling  of 
them  by  adding  and  removing  androgens  is  a  prolonged  experimental  procedure  we  started  Task  5.  The 
aim  of  these  experiments  is  to  determine  if  bone  marrow  stem  cells  can  migrate  to  the  prostate  and 
differentiate  into  prostatic  epithelial  or  stromal  cells.  There  is  a  considerable  recent  literature  indicating 
that  adult-derived  bone  marrow  stem  cells  maintain  extensive  plasticity  and  differentiate  into  multiple 
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organs  in  the  mouse  (13,  17-19).  In  addition,  gastric  cancer  has  been  shown  to  originate  from  bone 
marrow-derived  cells  (14)  indicating  that  bone  marrow-derived  cells  may  also  be  relevant  to  the 
process  of  prostatic  carcinogenesis. 

GFP-expressing  bone  marrow  cells  were  obtained  from  GFP-expressing  C57B16  mice  (Jackson 
labs,  ME)  and  transplanted  into  irradiated  recipient  male  mice.  Engraftment  was  ascertained  by 
analyzing  peripheral  blood  of  recipient  animals  for  evidence  of  GFP-expressing  cells.  The  recipient 
animals  were  castrated  to  induce  prostatic  involution.  After  14  days  testosterone  pellets  (Innovative 
Research,  FL)  were  implanted  subcutaneously  to  regenerate  the  prostate  as  we  expected  circulating 
bone  marrow  stem  cells  to  engraft  more  readily  into  regenerating  prostate  tissue.  We  find  very  few 
bone  marrow-derived  GFP-expressing  cells  in  the  epithelial  compartment  of  the  prostate  (0.9  ±  0.3%) 
and  these  are  located  only  in  the  basal  and  not  the  luminal  layer.  In  contrast,  significant  numbers  of 
GFP-expressing  cells  that  co-express  vimentin  are  present  in  prostatic  stroma  (7.3  ±  1.7%). 

Preliminary  analysis  indicates  that  ~25%  of  vimentin  positive  cells  (fibroblasts)  in  the  stroma  express 
GFP  (stroma  consists  predominantly  of  fibroblasts  and  smooth  muscle  cells)  indicating  that  many 
prostatic  stromal  cells  originate  from  bone  marrow.  As  vimentin  is  present  in  fibroblasts  and  not  bone 
marrow  cells  this  indicates  that  the  GFP-expressing  bone  marrow  cells  have  differentiated  into 
prostatic  stromal  cells. 

We  plan  to  examine  mice  that  have  been  androgen  cycled  for  more  prolonged  periods  of  time 
and  that  have  had  bone  marrow  stem  cells  mobilized  with  G-CSF  for  evidence  of  prostatic 
engraftment.  G-CSF  increases  the  numbers  of  GFP-expressing  bone  marrow  stem  cells  in  the 
circulation.  This  should  enhance  GFP-stem  cell  incorporation  into  regenerating  prostatic  tissue. 

As  the  Hoechst  dye  was  toxic  for  the  prostatic  stem  cell  population  we  would  like  to  measure 
the  levels  of  aldehyde  dehydrogenase  in  proximal  cells.  Stem  cells  from  other  origins  have  been  shown 
to  express  high  levels  of  aldehyde  dehydrogenase  (AFDH)  activity  which  can  be  used  for  their 
functional  isolation  (20-22).  As  we  have  shown  that  stem  cells  express  high  levels  of  Sca-1  we  propose 
measuring  aldehyde  dehydrogenase  levels  in  conjunction  with  staining  for  Sca-1  to  determine  if  cells 
expressing  high  levels  of  Sca-1  also  have  high  levels  of  aldehyde  dehydrogenase. 


Key  research  accomplishments 

1)  We  show  that  the  proximal  region  of  murine  prostatic  ducts  is  considerably  enriched  in  cells  that 
express  high  levels  of  the  cell  surface  antigen,  Sca-1. 

2)  Sca-1 -expressing  cells  were  isolated  from  the  proximal  region  and  remaining  regions  of  ducts  and 
assayed  for  proliferative  potential  in  an  in  vivo  prostate  reconstitution  assay.  This  showed  that 
proximal  Sca-1  expressing  cells  had  far  greater  growth  potential  than  Sca-1  expressing  cells  isolated 
from  remaining  regions  of  ducts  which  are  likely  to  be  a  post-stem  cell  (transit-amplifying) 
compartment. 

3)  Almost  all  of  the  proliferative  activity  resided  in  the  cells  expressing  high  levels  of  Sca-1  indicating 
that  prostatic  stem  cells  reside  within  the  Sca-lhlgh  compartment. 

4)  Bone  marrow  can  differentiate  into  both  prostatic  epithelium  (basal  cells)  and  stroma.  However, 
significantly  more  stromal  cells  are  of  bone  marrow  origin  than  epithelial  cells. 
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Reportable  outcomes 


1)  Publication  -  see  attached  paper: 

P.E.  Burger,  X  Xiong,  S  Coetzee,  S.N.  Salm,  D.  Moscatelli,  K  Goto,  E.  L.  Wilson.  Sca-1  expression 
identifies  stem  cells  in  the  proximal  region  of  prostatic  ducts  with  a  high  capacity  to  reconstitute 
prostatic  tissue.  Proc  Natl  Acad  Sci  USA  102;  7180-7185  (2005). 

2)  The  PI  presented  a  talk  incorporating  data  from  this  proposal  at  the  NIH  sponsored  Cellular  Niches 
Workshop,  May  16-17,  2005,  Bethesda,  MD 

The  properties  and  regulation  of  prostatic  stem  cells  and  their  relevance  to  prostatic  diseases. 

E  Lynette  Wilson,  Ken  Goto,  Sarah  Salm,  Patricia  Burger,  Sandra  Coetzee,  Xiaozhong  Xiong,  Ellen 
Shapiro,  Herbert  Lepor  and  David  Moscatelli. 

3)  The  following  posters  incorporating  data  from  this  proposal  were  presented  at  the  Cellular  Niches 
Workshop,  May  16-17,  2005. 

Sca-1  expression  identifies  a  progenitor/stem  cell  population  in  the  proximal  region  of  murine 
prostatic  ducts  with  a  high  capacity  to  reconstitute  prostatic  tissue 

Patricia  E.  Burger,  Sandra  Coetzee,  Xiaozhong  Xiong  ,  Sarah  N.  Salm,  David  Moscatelli,  Ken  Goto 
and  E.  Lynette  Wilson. 

Bone  Marrow  Cells  are  able  to  generate  prostatic  epithelial  and  stromal  cells. 

Xiaozhong  Xiong,  Ken  Goto,  Yasuhiro  Ebihara,  Sarah  Salm,  Sandra  Coetzee’  Christopher  Ontiveros, 
David  Moscatelli,  Makio  Ogawa  and  E  Lynette  Wilson. 

3)  A  grant  was  submitted  to  NIH  on  1  November  2005  incorporating  data  obtained  from  this  proposal. 

Conclusions 

We  have  shown  that  the  prostate  contains  a  small  population  of  cells  (~0.6%)  that  exclude  the 
Hoechst  dye  and  whose  ability  to  exclude  the  dye  is  inhibited  by  verapamil.  Almost  all  cells  (96%)  of 
this  side  population  (SP)  express  the  antigen  Sca-1  and  most  of  them  (88%)  co-express  Sca-1  with  oc6 
integrin.  As  the  Hoechst  dye  was  toxic  to  the  small  SP,  sufficient  numbers  of  cells  could  not  be 
obtained  for  in  vivo  prostate  reconstitution  experiments  to  determine  their  stem  cell  origin.  As  most  SP 
cells  expressed  Sca-1,  we  isolated  cells  based  on  Sca-1  expression  and  showed  that  the  stem  cell 
population  in  the  prostate  resides  within  that  fraction  of  cells  expressing  high  levels  of  this  antigen.  We 
also  show  that  cells  eressing  high  levels  of  Sca-1  express  <*6  integrin  and  Bcl-2,  an  anti-apoptotic 
protein  found  in  tumor  cells  and  stem  cells. 

We  have  therefore,  for  the  first  time,  provided  a  profile  of  prostatic  stem  cells  based  on  protein 
expression  that  enables  their  purification  and  assay.  This  population  can  now  be  compared  with 
prostate  tumor  cell  populations  to  determine  their  similarity  or  differences.  As  tumor  stem  cell 
populations  have  recently  been  isolated  we  expect  that  normal  stem  cells  and  tumor  stem  cells  will 
have  overlapping  features.  The  identification  of  prostate  stem  cells  may  enable  development  of  new 
therapies  which  may  ablate  both  normal  and  tumor  stem  cells.  As  the  prostate  is  not  an  essential  organ 
the  ablation  of  normal  prostatic  stem  cells  in  conjunction  with  carcinoma  cells  will  not  adversely  affect 
the  health  of  the  patient. 
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Our  data  also  indicate  that  bone  marrow  stem  cells  can  differentiate  into  both  epithelial  and 
stromal  compartments  of  the  prostate  with  significantly  more  prostatic  stromal  cells  than  epithelial 
cells  being  of  bone  marrow  origin.  This  finding  may  have  considerable  implications  for  the  etiology  of 
prostatic  diseases  as  gastric  cancer  has  been  shown  originate  from  bone  marrow-derived  cells  (14). 

Personnel  supported  by  this  grant 

E  Lynette  Wilson  Effort  15% 

Rashmi  Gupta  Effort  100% 
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Sca-1  expression  identifies  stem  cells  in  the  proximal 
region  of  prostatic  ducts  with  high  capacity  to 
reconstitute  prostatic  tissue 

Patricia  E.  Burger* *™,  Xiaozhong  Xiongt§,  Sandra  Coetzeet§,  Sarah  N.  Salm§11,  David  Moscatelli511,  Ken  Goto5**, 
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We  previously  showed  that  prostatic  stem  cells  are  concentrated  in 
the  proximal  regions  of  prostatic  ducts.  We  now  report  that  these 
stem  cells  can  be  purified  from  isolated  proximal  duct  regions  by 
virtue  of  their  high  expression  of  the  cell  surface  protein  stem  cell 
antigen  1  (Sca-1).  In  an  in  vivo  prostate  reconstitution  assay,  the 
purified  Sca-1 -expressing  cell  population  isolated  from  the  proxi¬ 
mal  region  of  ducts  was  more  effective  in  generating  prostatic 
tissue  than  a  comparable  population  of  Sca-1-depleted  cells 
(203.0  ±  83.1  mg  vs.  11.9  ±  9.2  mg)  or  a  population  of  Sca-1- 
expressing  cells  isolated  from  the  remaining  regions  of  ducts 
(transit-amplifying  cells)  (31.9  ±  24.1  mg).  Almost  all  of  the  pro¬ 
liferative  capacity  of  the  proximal  duct  Sca-1-expressing  cell  pop¬ 
ulation  resides  within  the  fraction  of  cells  that  express  high  levels 
of  Sca-1  (top  one-third),  with  the  proximal  region  of  prostatic  ducts 
containing  7.2-fold  more  Sca-1h'9h  cells  than  the  remaining  regions. 
More  than  60%  of  the  high-expressing  cells  coexpress  a6  integrin 
and  the  antiapoptotic  factor  Bcl-2,  markers  that  are  also  charac¬ 
teristic  of  stem  cells  of  other  origins.  Further  stratification  of  the 
phenotype  of  the  stem  cells  may  enable  the  development  of 
rational  therapies  for  treating  prostate  cancer  and  benign  prostatic 
hyperplasia. 

prostate  |  a6  integrin  |  Bcl-2 

Stem  cell  biology  and  tumorigenesis  may  be  closely  linked,  and 
stem  cells  may  have  a  role  in  the  etiology  of  cancer  (1-5). 
Stem  cells  and  tumor  cells  have  many  common  features,  includ¬ 
ing  self-renewal,  multidrug  resistance,  telomerase  expression, 
and,  in  the  case  of  the  prostate,  androgen  independence.  Pros¬ 
tatic  stem  cells  do  not  require  androgens  for  survival,  as  evi¬ 
denced  by  normal  prostatic  regeneration  after  >30  cycles  of 
androgen  ablation  and  supplementation,  which  results  in  invo¬ 
lution  and  normal  regeneration  of  this  gland  (6).  Because 
prostatic  carcinoma  usually  progresses  to  an  androgen- 
independent  tumor  (which  may  reflect  a  stem  cell-like  pheno¬ 
type),  an  understanding  of  prostate  stem  cell  biology  is  impor¬ 
tant  for  devising  preventative  or  therapeutic  approaches  for 
prostate  cancer.  In  addition  to  being  a  source  of  carcinomas, 
stem  cells  may  also  give  rise  to  benign  prostatic  hyperplasia  (7). 
The  isolation  and  characterization  of  these  stem  cells  is  likely  to 
increase  our  understanding  of  normal  prostate  physiology,  and 
it  may  also  lead  to  new  therapeutic  approaches  for  two  of  the 
most  common  diseases  afflicting  men. 

The  murine  prostate  consists  of  a  branched  ductal  network 
with  each  duct  consisting  of  proximal  (adjacent  to  the  urethra), 
intermediate,  and  distal  regions.  Actively  proliferating  cells 
(transit-amplifying  cells)  are  located  in  the  distal  region  of  the 
ducts  (8),  whereas  cells  with  stem  cell  features  are  concentrated 
in  the  proximal  ductal  region  (9).  Thus,  cells  in  the  proximal 
region  are  quiescent  and  have  high  proliferative  potential,  and 
isolated  single  cells  from  this  region  can  give  rise  to  branched 


glandular  ductal  structures  in  vitro  (9).  In  addition,  cell  suspen¬ 
sions  derived  from  the  proximal  region  form  significantly  more 
prostatic  tissue  in  an  in  vivo  transplantation  model  than  those 
obtained  from  other  prostatic  regions.  Furthermore,  cells  ob¬ 
tained  from  this  transplanted  tissue  are  again  able  to  give  rise  to 
prostatic  tissue  when  reinoculated  into  other  animals  (unpub¬ 
lished  data),  confirming  the  presence  in  the  proximal  region  of 
stem  cells  with  regenerative  capacity. 

Because  stem  cells  in  other  organs  have  been  identified  by 
their  expression  of  specific  antigens,  such  as  a  cell  surface  protein 
known  as  stem  cell  antigen  1  (Sca-1),  a:6  integrin,  and  Bcl-2,  we 
determined  whether  these  antigens  could  be  used  to  identify  the 
stem  cell  population  in  the  proximal  region  of  ducts.  Sca-1  is 
expressed  by  stem/progenitor  cells  from  a  variety  of  tissues,  such 
as  hematopoietic  tissue  (10),  cardiac  tissue  (11),  mammary  gland 
(12),  skin  (13),  muscle  (14),  and  testis  (15).  a6  integrin  (CD49f) 
is  expressed  by  primitive  cells  in  the  liver  (16)  and  skin  (17),  and 
anti-o:6  integrin  antibodies  have  been  used  to  enrich  for  sper- 
matogonial  stem  cells  from  mouse  testis  (18).  Bcl-2,  an  antiapo¬ 
ptotic  protein  (19),  may  protect  primitive  cells  from  death  and 
is  expressed  by  hematopoietic,  keratinocyte,  and  colon  stem  cells 
(20-22). 

We  have  identified  a  candidate  population  of  prostatic  stem 
cells  in  the  proximal  region  of  murine  prostatic  ducts  that 
expresses  high  levels  of  Sca-1,  in  conjunction  with  a6  integrin 
and  Bcl-2.  Cells  with  these  properties  are  almost  absent  from  the 
remaining  regions  of  ducts.  We  show  that  Sca-1 -expressing  cells 
isolated  from  the  proximal  region  regenerate  abundant  normal 
functional  prostatic  ducts  in  an  in  vivo  transplantation  assay, 
whereas  cells  that  do  not  express  this  antigen  form  very  little 
tissue.  These  results  establish  that  prostatic  stem  cells  reside 
within  the  Sea- 1-expressing  population  in  the  proximal  region  of 
ducts  and  provide  a  means  of  isolating  the  stem  cells  for  further 
characterization. 

Materials  and  Methods 

Animals.  C57BL/6  mice,  athymic  nude  mice,  and  CDIGS  rats 
were  housed  in  the  animal  research  facilities  of  the  University 
of  Cape  Town  or  New  York  University,  and  all  experiments 
were  performed  in  compliance  with  institutional  review  board 
requirements. 

Antibodies  and  Control  Immunoglobulins  (IgGs).  Fluorescein  isothio¬ 
cyanate  (FITC)-conjugated  rat  anti-mouse  Sca-1,  rat  anti-mouse 


Abbreviations:  MFI,  mean  fluorescence  intensity;  PE,  phycoerythrin;  Sca-1,  stem  cell  antigen 
1;  UGM,  urogenital  sinus  mesenchyme. 

tP.E.B.,  X.X.,  and  S.C.  contributed  equally  to  this  work. 

*To  whom  correspondence  should  be  addressed.  E-mail:  pburger@uctgsh1.uct.ac.za. 
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Table  1.  Expression  of  Sca-1f  a6  integrin,  and  Bcl-2  by  cells  from  the  proximal  region  of 
prostatic  ducts  compared  with  cells  from  the  remaining  ductal  regions 


Phenotype 

No.  of 

experiments 

Proximal 
expression,  % 

Remainder 
expression,  % 

Increase, 

fold 

P 

Sca-1 + 

16 

51.8  ±  10.5 

17.7  ±  7.2 

2.9 

<0.0001 

«6  integrin+ 

13 

40.8  ±  10.0 

21.1  ±  11.4 

1.9 

<0.0001 

Bcl-2+ 

12 

42.1  ±  7.0 

27.5  ±  8.2 

1.5 

<0.0001 

Sca-1 +  a6  integrin+  Bcl-2+ 

3 

27.5  ±  4.4 

1.4  ±  0.8 

19.6 

<0.01 

Sca-lhigh* 

12 

15.9  ±  5.2 

2.2  ±  1.4 

7.2 

<0.00001 

Sca-lh'gh*  a5  integrin +  Bcl-2+ 

3 

9.8  ±  1.2 

0.1  ±  0.06 

98.0 

<0.01 

*Sca-1  +  cells  with  fluorescence  intensities  in  the  upper  one-third  were  defined  as  Sca-1high  cells. 


a6  integrin  (CD49f)  FITC,  and  rat  IgG  2a  FITC  were  obtained 
from  BD  Biosciences,  Bedford,  MA.  Phycoerythrin  (PE)- 
conjugated  rat  anti-mouse  Sca-1,  rat  IgG-2a  PE,  rat  IgG,  mouse 
anti-mouse  CD16/32,  rat  anti-mouse  Sca-1  biotin,  rat  IgG2a 
biotin,  and  streptavidin-conjugated  allophycocyanin  (APC) 
were  from  Caltag  Laboratories,  Burlingame,  CA.  Mouse  anti- 
Bcl-2  PE  was  purchased  from  Santa  Cruz  Biotechnology,  and 
IgGl  PE  was  obtained  from  DAKO. 

Cell  Preparation  and  FACS  Analysis.  The  dorsal,  ventral,  and  lateral 
prostates  were  removed  from  C57BL/ 6  mice  (6  weeks  old)  and 
dissected  into  two  regions:  (i)  the  proximal  region,  which 
includes  those  ducts  nearest  the  urethra,  and  (ii)  the  remaining 
region,  which  includes  the  intermediate  and  distal  ducts.  Cell 
digests  (9)  were  resuspended  in  FACS  buffer  [PBS  containing 
BSA  (0.1%),  sodium  azide  (0.01%),  and  aprotinin  (20  /xg/ml)]. 
Fc  receptors  were  blocked  with  mouse  CD16/32  antibodies 


and  rat  IgG,  and  the  cells  were  incubated  with  antibody  or 
control  IgG  for  30  min  on  ice  and  washed  with  FACS  buffer. 
In  some  experiments,  the  dye  7-aminoactinomycin  D  (1  jug/ 
ml)  was  added  5  min  before  analysis,  so  that  dead  cells  could 
be  excluded.  Bcl-2  expression  was  determined  in  paraformal¬ 
dehyde-fixed  cells,  permeabilized  with  Tween  20  (Merck- 
Schuchardt,  Hohenbrunn,  Germany).  Antibodies  to  Sca-1, 
conjugated  to  PE,  FITC,  or  biotin,  were  used  in  conjunction 
with  antibodies  to  a6  integrin  conjugated  to  FITC  or  antibod¬ 
ies  to  Bcl-2  conjugated  to  PE,  to  determine  the  incidence  of 
coexpression  of  Sca-1  and  these  antigens.  Cells  were  analyzed 
on  a  FACSCalibur  flow  cytometer  (Becton  Dickinson),  using 
cellquest  software  (Becton  Dickinson).  Sca-1 +  cells  with 
fluorescent  intensities  in  the  upper  one-third  were  defined  as 
Sca-lhigh  cells. 

Implantation  of  Grafts  Under  the  Renal  Capsule.  Cells  (1  X  105  or  3  X 

104)  from  different  regions  of  prostatic  ducts  were  combined 
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Fig- 1-  Sca-1  is  highly  expressed  by  cells  in  the  proximal  region  of  prostatic  ducts.  The  expression  of  Sca-1  by  cell  digests  from  the  proximal  and  remaining  regions 
of  prostatic  ducts  was  determined.  (A)  The  proximal  region  contained  2.9-fold  more  Sca-1 -expressing  cells  than  the  remaining  ductal  regions  ( P  <  0.0001).  ( B ) 
Cells  from  the  proximal  region  expressed  2.8-fold  more  molecules  of  Sca-1  per  cell  (higher  MFI)  than  cells  from  the  remaining  regions  (P  <  0.01).  (C)  Cells  with 
high  levels  of  Sca-1  expression  (cells  with  fluorescence  intensities  in  the  upper  one-third)  were  7.2-fold  more  prevalent  in  the  proximal  region  than  in  the 
remaining  regions  (P  <  0.00001).  Results  in  A-C  are  means  of  at  least  three  experiments.  (D)  A  representative  histogram  (from  one  of  five  experiments)  of  Sca-1 
expression  by  viable  (7-aminoactinomycin  D-negative)  cells  from  the  proximal  region  (thick  line)  and  the  remaining  regions  (thin  line)  of  ducts  shows  the 
difference  in  Sca-1  expression  between  these  two  regions.  The  gray-filled  histogram  representsthe  appropriate  IgG  control.  The  marker  Ml  is  placed  sothat  <1  % 
of  control  cells  are  positive.  A  second  marker  denotes  Sca-1 high  cells. 
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Fig.  2.  The  proximal  region  is  considerably  enriched  in  Sca-1-expressing  cells  that  coexpress  a6  integrin  and  Bcl-2.  Three-color  FACS  analysis  was  performed 
to  determine  the  incidence  of  Sca-1+  a6  integrin4  Bcl-2+  cells  (A-C)  and  Sca-1h'9h  «6  integrin4  Bcl-24  cells  ( D-F)  in  the  proximal  and  remaining  regions  of  ducts. 
(A)  The  proximal  region  contained  19.6-fold  more  Sca-1 4  a6  integrin4  Bcl-24  cells  than  the  remaining  regions  (P  <  0.01).  ( B  and  C)  In  these  representative  dot 
plots,  50.3%  of  proximal  Sca-1 4  cells  coexpressed  both  «6  integrin  and  Bcl-2  ( B ),  whereas  7.0%  of  cells  from  the  remaining  regions  coexpressed  these  antigens 
(O-  (D)  Analysis  of  triple-labeled  cells  expressing  high  levels  of  Sca-1  showed  that  the  proximal  region  contained  98-fold  more  Sca-1  h'9h  a6  integrin4  Bcl-24  cells 
than  the  remaining  regions  (P  <  0.01).  (£  and  F)  For  these  dot  plots,  70%  of  proximal  Sca-1  h'9h  cells  coexpressed  both  a6  integrin  and  Bcl-2  (£),  whereas  2%  of 
cells  from  the  remaining  regions  were  Sca-1  h'9h  a6  integrin4  Bcl-24  (£).  The  results  are  the  mean  of  three  experiments. 


with  urogenital  sinus  mesenchyme  (UGM)  cells  (2.5  X  105)  and 
resuspended  in  30  pi  of  type  1  collagen  (BD  Biosciences).  The 
collagen  grafts  were  inserted  under  the  renal  capsule  (23).  Each 
experiment  contained  grafts  of  UGM  alone  to  ensure  that  tissue 
growth  did  not  result  from  contaminating  urogenital  sinus 
epithelial  cells.  Grafts  were  harvested  and  weighed  after  8-10 
weeks.  UGM  was  isolated  from  the  urogenital  sinus  of  embryos 
(18  days  old)  from  CDIGS  rats  (23-25). 

Isolation  of  Sca-1 -Expressing  Cells.  Prostatic  duct  digests  were 
enriched  for  Sca-1 -expressing  cells  by  immunomagnetic  separa¬ 
tion,  using  magnetically  activated  cell  sorter  microbeads  coated 
with  antibodies  to  Sca-1  and  the  MiniMACS  magnetically  acti¬ 
vated  cell  sorter  system  (Miltenyi  Biotec,  Auburn,  CA).  In  some 
experiments,  cells  were  sorted  by  FACS  into  various  fractions 
(Sca-lhigh,  Sca-lmed/1°  or  Sca-lneg)  according  to  the  mean  fluo¬ 
rescence  intensity  (MFI)  of  Sca-1  expression  by  the  cells. 

Statistical  Analysis.  The  results  are  depicted  as  the  means  and 
standard  deviations  of  each  set  of  data.  Comparisons  between 
groups  were  made  by  using  the  two-tailed,  paired  Student  t  test, 
or  in  the  case  of  different  sized  samples,  the  Mann- Whitney  U 
test.  A  P  value  of  <0.05  is  considered  statistically  significant. 

Results 

Cells  in  the  Proximal  Region  of  Murine  Prostatic  Ducts  Coexpress  High 
Levels  of  Sca-1f  «6  Integrin,  and  Bcl-2.  We  have  shown  that  cells  with 
stem  cell  features  (quiescence  and  high  proliferative  potential) 
are  concentrated  in  the  proximal  region  of  prostatic  ducts  (9).  By 
using  FACS  analysis,  we  determined  whether  the  expression  of 
three  antigens,  Sca-1,  a6  integrin,  and  Bcl-2,  known  to  be 
expressed  by  stem  cells  of  other  origins  (10-18,  20-22),  differs 
between  the  proximal  and  remaining  ductal  regions. 


We  found  that  these  three  antigens  are  expressed  by  at  least 
some  cells  in  all  regions  of  the  ducts,  but  significant  differences 
were  noted  in  their  distribution.  They  were  expressed  by  a 
substantially  higher  proportion  of  cells  in  the  proximal  region 
than  in  the  remaining  regions  (Table  1),  and  the  levels  of 
expression  of  each  antigen  (MFI)  were  higher  in  proximal  cells 
than  in  cells  of  the  remaining  ductal  regions.  The  proximal 
region  contained  a  2.9-fold  (P  <  0.0001)  higher  proportion  of 
Sca-1 -expressing  cells  that  had  a  2.8-fold-higher  MFI  (P  <  0.01) 
than  cells  from  the  remaining  ductal  regions  (Fig.  1 A  and  B  and 
Table  1).  Because  high  levels  of  Sca-1  are  found  on  purified 
populations  of  other  types  of  stem  cells  (14,  15,  26,  27),  we 
determined  the  location  of  cells  with  high  MFI  for  Sca-1.  The 
proximal  region  of  ducts  contained  7.2-fold  more  cells  with  high 
levels  of  Sca-1  (Sca-1+  cells  with  fluorescence  intensities  in  the 
upper  one-third)  than  the  remaining  regions  (Table  1;  P  < 
0.00001;  Fig.  1  C  and  D ),  indicating  that  Sca-lhigh  cells  are 
concentrated  proximally. 

Determination  of  the  coexpression  of  all  three  antigens  indi¬ 
cated  that  cells  from  the  proximal  region  contain  significantly 
more  (19.6-fold;  P  <  0.01)  Sca-1 +  a6  integrin+  Bcl-2+  cells 
(27.5  ±  4.4%)  than  those  from  the  remaining  regions  (1.4  ± 
0.8%)  (Fig.  2A-C  and  Table  1).  Analysis  of  the  proximal  region 
for  cells  expressing  high  levels  of  Sca-1  together  with  a6  integrin 
and  Bcl-2  (Sca-lhigh  a6  integrin+  Bcl-2+  cells)  revealed  that 
98-fold  more  triple-labeled  cells  reside  in  the  proximal  compared 
with  the  other  regions  of  ducts  (9.8  ±  1.2%  vs.  0.1  ±  0.06%,  P  < 
0.01;  Fig.  2  D-F  and  Table  1).  In  addition,  each  antigen  alone  was 
expressed  by  more  cells  (Table  1)  and  with  a  higher  MFI  (data 
not  shown)  in  the  proximal  region  compared  with  remaining 
regions. 

These  results  show  that  there  are  striking  differences  in  the 
distribution  of  cells  expressing  Sca-1,  a6  integrin,  and  Bcl-2  in 
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different  ductal  regions.  Cells  with  high  levels  of  Sca-1  are 
predominantly  confined  to  the  proximal  region  and  triple- 
labeled  cells  with  high  levels  of  Sca-1  are  almost  exclusively 
confined  to  this  region. 

Sca-1 -Expressing  Cells  Have  High  in  Vivo  Proliferative  Potential.  The 

ability  to  regenerate  tissue  in  vivo  is  a  characteristic  of  stem  cells, 
and  this  property  has  been  used  to  identify  various  antigens, 
including  Sca-1,  as  stem  cell  markers.  For  example,  Sca-1- 
expressing  cells  isolated  from  bone  marrow  are  able  to  recon¬ 
stitute  all  blood  cell  types  (10),  and  mammary  epithelial  cells 
enriched  for  Sca-1  can  reconstitute  the  mammary  gland  in  vivo 
and  have  greater  growth  potential  than  Sca-l-depleted  cells  (12). 

We  therefore  determined  the  growth  potential  of  Sca-1- 
expressing  cells  isolated  from  the  proximal  and  the  remaining 
ductal  regions  and  compared  their  proliferative  potential  in  vivo 
with  cells  that  did  not  express  this  antigen.  Sea- 1-expressing 
(Sca-1 +)  and  Sca-l-depleted  (Sca-1-)  populations  were  isolated 
from  digests  of  the  proximal  and  the  remaining  ductal  regions  by 
using  antibodies  to  Sca-1  and  magnetic  microbeads.  These 
populations  were  combined  with  cells  isolated  from  the  UGM 
[inductive  mesenchyme  for  prostatic  tissue  (23-25)]  and  inserted 
under  the  renal  capsule  of  recipient  male  animals,  and  the 
amount  of  prostatic  tissue  generated  was  measured  after  8 
weeks.  Sca-1 +  cells  isolated  from  the  proximal  region  formed 
significantly  more  prostatic  tissue  (203.0  ±  83.1  mg;  17.1-fold) 
than  was  obtained  from  the  Sca-1-  proximal  population  (11.9  ± 
9.2  mg;  P  <  0.001)  (Fig.  3  A  and  B).  Sca-1+  cells  isolated  from 
the  remaining  ductal  regions  also  formed  prostatic  tissue  under 
the  renal  capsule  (31.9  ±  24.1  mg)  but  formed  far  less  tissue  than 
observed  for  Sca-1 +  cells  isolated  from  the  proximal  region 
(203.0  ±83.1  mg),  indicating  that  these  two  Sca-1+  populations 
differ  markedly  in  their  in  vivo  growth  potential  (P  <  0.001). 
Sca-1-  cells  isolated  from  the  remaining  regions  of  ducts  formed 
very  little  subrenal  capsule  tissue  (6.6  ±5.0  mg). 

Because  our  FACS  data  showed  that  cells  expressing  high 
levels  of  Sca-1  were  confined  predominantly  to  the  proximal 
region  of  ducts,  we  determined  whether  Sca-lhigh  cells  had 
greater  growth  potential  than  cells  with  medium/low  Sca-1 
expression.  Proximal  cell  populations  were  FACS-sorted  into 
fractions  containing  cells  with  high  MFI  (Sca-lhigh),  medium  to 
low  MFI  (Sca-lmed/1°)  and  no  Sca-1  expression  (Sca-lneg)  and 
inserted  under  the  renal  capsule  of  recipient  animals.  Sca-lhigh 
cells  formed  significantly  more  prostatic  tissue  (43.7  ±  26.8  mg; 
6.3-fold)  than  Sca-lmed/1°  cells  (6.9  ±  3.6  mg;  P  <  0.001)  and 
7.5-fold  more  tissue  than  Sca-lneg  cells  (5.8  ±  1.6  mg;  P  =  0.001) 
(Fig.  4  A-C).  Although  the  tissue  growth  obtained  was  less  than 
in  experiments  using  magnetic  beads  (because  of  the  stress  that 
the  cells  undergo  during  FACS  sorting),  these  results  show 
that  almost  all  of  the  in  vivo  growth  potential  is  confined  to  cells 
that  express  high  levels  of  Sca-1.  The  prostatic  tissue  obtained 
from  Sca-lhigh  cells  had  normal  prostatic  histology  comprising 
basal  and  luminal  cells  lining  prostatic  ducts.  The  lumens  of  the 
ducts  contained  abundant  amounts  of  secretory  material  (Fig. 
4C).  In  contrast,  the  tissue  arising  from  Sca-lmed/1°  and  Sca-lneg 
cells  contained  more  stroma  with  less  of  an  epithelial  compo¬ 
nent,  and  little  secretory  material  was  generally  noted  within  the 
ducts  (Fig.  4C). 

These  results  show  that  cells  expressing  Sca-1  have  consider¬ 
ably  more  growth  potential  than  those  lacking  this  antigen,  and 
that  the  proliferative  ability  within  the  Sca-1 -expressing  proximal 
cells  resides  in  cells  that  express  high  levels  of  this  antigen.  They 
also  show  that  Sca-1 -expressing  cells  residing  in  the  proximal 
region  are  more  primitive  than  those  Sea- 1-expressing  cells  in  the 
remaining  ductal  regions,  as  they  have  far  higher  proliferative 
capacity.  These  data  indicate  that  stem  cells  reside  within  the 
Sca-1 -expressing  population  in  the  proximal  region,  whereas  the 
transit- amplifying  cells,  with  more  limited  growth  potential, 
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Fig.  3.  Sca-1 +  cells  have  greater  in  vivo  proliferative  capacity  than  Sca-1 
cells.  (>A)  The  growth  of  Sca-1 +  and  Sca-1  cells  (105  cells)  that  were  isolated 
from  either  the  proximal  region  or  the  remaining  regions  of  ducts  and 
transplanted  underthe  renal  capsule  was  measured  after  8  weeks.  Sca-1  +  cells 
obtained  from  the  proximal  region  formed  17.1-fold  more  prostatic  tissue 
than  Sca-1  cells  (*,  P<  0.001).  Sca-1 +  cells  obtained  from  the  remaining  ductal 
regions  had  far  less  growth  potential  than  Sca-1 +  proximal  cells  (**,  P<  0.001). 
Sca-1  cells  from  the  remaining  regions  showed  less  growth  than  Sca-1 +  cells 
from  this  region  (***,  P  <  0.001).  The  results  are  the  means  of  two  experi¬ 
ments,  using  the  data  obtained  from  the  inoculation  of  a  total  of  7, 1 1, 14,  and 
12  kidneys  with  Sca-1 +  and  Sca-1  -  cells  from  the  proximal  and  remaining 
regions,  respectively.  ( B )  Prostate  tissue  underthe  renal  capsule  initiated  with 
105  Sca-1 +  or  Sca-1 "  cells  from  either  the  proximal  region  or  the  remaining 
regions.  (Scale  bars:  3  mm.) 

reside  within  the  Sca-1 -expressing  cells  in  the  remaining  ductal 
regions. 

Discussion 

We  show  that  Sea- 1-expressing  cells,  isolated  from  the  proximal 
region  of  ducts,  form  significantly  more  prostatic  tissue  in  vivo 
than  cells  that  lack  this  antigen  and  that  most  of  the  proliferative 
ability  resides  in  cells  that  express  high  levels  of  this  antigen.  In 
addition,  Sca-1 -expressing  cells  isolated  from  the  proximal  re¬ 
gion  have  far  greater  proliferative  potential  than  Sca-1- 
expressing  cells  isolated  from  the  remaining  ductal  regions 
(which  express  lower  levels  of  Sca-1  per  cell  than  proximal  cells). 
The  Sca-lhigh  cells  that  coexpress  a6  integrin  and  Bcl-2  are 
almost  exclusively  confined  to  the  proximal  region  of  ducts, 
indicating  that  prostate  stem  cells  express  high  levels  of  Sca-1 
together  with  a6  integrin  and  Bcl-2. 

Sca-1  is  expressed  by  stem  cells  from  a  variety  of  origins  including 
hematopoietic  tissue,  heart,  mammary  gland,  skin,  muscle,  and 
testis  (10-15).  Although  a  ligand  for  Sca-1  has  not  been  identified, 
Sca-1  appears  to  be  important  for  the  self-renewal  of  mesenchymal 
(28)  and  hematopoietic  (29)  stem  cells.  Sca-1 -/-  mice  have  greatly 
reduced  bone  mass  resulting  from  a  primary  defect  in  the  self¬ 
renewal  capacity  of  early  mesenchymal  progenitor  cells  (28).  In 
addition,  hematopoietic  stem  cells  from  Sca-1-/-  mice  have  a 
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Fig.  4.  Sca-1 high  cells  have  greater  in  vivo  proliferative  capacity  than  cells  that 
express  lower  levels  of  Sca-1.  Cells  were  isolated  from  the  proximal  region  and 
sorted  by  FACS  into  Sca-1 high,  Sca-1  med/l°  and  Sca-1 neg  fractions  according  to  the 
level  of  Sca-1  expression.  The  cell  populations  (3  x  104)  were  transplanted  under 
the  renal  capsule  and  the  growth  of  prostatictissue  was  measured  after  1 0  weeks. 
(A)  Sca-1 high  cells  formed  6.3-fold  more  prostatictissue  than  Sca-1  med/l°  cells  (*,  P  < 
0.001)  and  7.5-fold  more  prostatic  tissue  than  Sca-1neg  cells  (**,  P  =  0.001).  These 
results  are  the  means  of  two  experiments,  using  the  data  obtained  from  the 
inoculation  of  a  total  of  10,  9,  and  10  kidneys  with  cell  populations  containing 
Sca-1 high,  Sca-1  med/l°  and  Sca-1 neg  cells,  respectively.  ( B )  Prostate  tissue  initiated 
with  3  x  104  Sca-1 high,  Sca-1  med/l°,  or  Sca-1 neg  cells  isolated  by  FACS  from  the 
proximal  region  of  ducts.  (Scale  bars:  3  mm.)  (O  Paraffin  sections  stained  with 
hematoxylin  and  eosin  showing  the  morphology  of  prostatic  tissue  arising  from 
Sca-1 high,  Sca-1  med/l°  or  Sca-1 neg  cells.  The  prostatictissue  obtained  from  Sca-1 high 
cells  had  normal  prostatic  histology  comprising  basal  and  luminal  cells  lining 
prostatic  ducts.  The  lumens  of  the  ducts  were  filled  with  secretory  material.  The 
tissue  arising  from  Sca-1  med/l°  and  Sca-1 neg  cells  contained  increased  stroma  with 
less  of  an  epithelial  component,  and  little  secretory  material  was  noted  within  the 
ducts.  (Scale  bars:  40  jwm.) 

decreased  repopulation  potential  and  manifest  a  lower  engraftment 
of  secondary  transplants  than  cells  from  wild-type  mice  (29), 
indicating  that  Sca-1  is  required  for  self-renewal.  These  findings  are 
consistent  with  our  data  showing  that  Sca-lneg  cells  have  little 
capacity  to  generate  prostatic  tissue  when  implanted  under  the 
renal  capsule,  and  indicate  that  Sca-1  may  also  be  involved  in  the 
self-renewal  of  stem  cells  in  the  prostate. 

Stem  cells  are  rare  cells,  and,  because  large  numbers  of  cells 
isolated  from  prostatic  ducts  express  Sca-1,  it  is  unlikely  that  all 
Sca-1 -expressing  cells  are  stem  cells.  Our  data,  in  fact,  indicate 
that  prostatic  stem  cells  reside  in  the  Sca-lhlgh  population  that 
also  expresses  a6  integrin  and  Bcl-2.  The  presence  of  a6  integrin 
together  with  high  levels  of  Sca-1  is  also  characteristic  of 
spermatogonial  stem  cells  (15).  Stem  cells  from  other  origins 
also  express  a6  integrin.  The  gene  for  this  integrin  was  the  only 
common  gene  identified  in  a  study  using  transcriptional  profiling 
to  identify  genes  expressed  by  stem  cells  of  embryonic,  neural, 
hematopoietic,  and  retinal  origin  (30).  Keratinocyte  stem  cells 


also  express  high  levels  of  a6  integrin  (31),  and  these  cells  have 
enhanced  long-term  proliferative  potential  (32). 

Members  of  the  integrin  family  are  important  regulators  of  stem 
cell  function  (33).  Keratinocyte  and  putative  prostate  stem  cells  are 
more  adhesive  than  the  more  mature  transit-amplifying  cells,  and 
putative  human  prostate  stem  cells  express  high  levels  of  a:2  integrin 
(34-36).  It  is  possible  that  a  number  of  members  of  the  integrin 
family  are  expressed  by  stem  cells  because  there  is  recent  evidence 
that  the  adhesive  properties  of  integrins  may  be  involved  in  main¬ 
taining  stem  cells  within  their  niche  (37, 38).  Because  stem  cells  and 
cancer  cells  have  many  similar  properties  (1-5),  it  is  of  interest  that 
changes  in  the  expression  of  integrins,  particularly  a6j84  integrin, 
are  implicated  in  tumorigenesis  and  invasion  and  that  the  a6 
integrins  play  a  role  in  the  progression  of  cancer  (39-41). 

The  prostate  cells  from  the  proximal  region  that  express  high 
levels  of  Sca-1  also  coexpress  the  antigen  Bcl-2.  The  presence  of 
Bcl-2  in  Sca-l-expressing  prostate  stem  cells  may  protect  these  cells 
from  apoptotic  death.  Stem  cells  are  needed  for  the  lifetime  of  their 
host,  and  mechanisms  to  protect  them  from  death  are  important  to 
ensure  their  long-term  survival.  The  Bcl-2  protein  suppresses 
apoptosis  (19)  and  is  present  in  many  long-lived  cells  (42).  Bcl-2 
protects  hematopoietic  and  keratinocyte  stem  cells  from  apoptotic 
death  (21,  43),  and  over-expression  of  Bcl-2  increases  the  numbers 
of  hematopoietic  stem  cells  in  vivo  (20)  and  protects  hematopoietic 
stem  cells  from  the  harmful  effects  of  a  number  of  chemothera¬ 
peutic  agents,  thus  ensuring  their  survival  (44).  The  expression  of 
Bcl-2  by  the  prostate  stem  cell  population  that  has  high  levels  of 
Sca-1  and  significant  in  vivo  proliferative  potential  is  therefore  likely 
to  ensure  the  long-term  survival  of  this  cell  population. 

High  levels  of  Bcl-2  in  the  proximal  stem  cell  region  may  also 
be  required  to  protect  these  cells  from  apoptosis  that  accompa¬ 
nies  androgen  withdrawal.  Castration  results  in  an  increase  in 
TGF-/3  levels  (45),  leading  to  apoptosis  and  involution  of  the 
more  distal  regions  of  the  gland,  whereas  the  proximal  region  is 
relatively  unchanged  (46,  47).  We  find  a  TGF-/3  signaling 
gradient  in  prostatic  ducts,  with  high  levels  of  signaling  in  the 
quiescent  proximal  region  (high  Bcl-2  expression)  and  low  levels 
of  signaling  in  the  distal  region  (low  Bcl-2  expression)  (S.N.S., 
P.E.B.,  S.C.,  K.G.,  D.M.,  and  E.L.W.,  unpublished  data).  The 
proximal  region  is  therefore  protected  from  TGF-/3-mediated 
apoptosis  by  high  Bcl-2  expression.  Aberrant  regulation  of  Bcl-2 
expression  may  contribute  to  the  etiology  of  prostatic  diseases 
such  as  benign  prostatic  hyperplasia  (48),  proliferative  inflam¬ 
matory  atrophy,  which  is  a  regenerative  lesion  that  may  give  rise 
to  prostate  cancer  (49),  and  prostate  cancer  itself  (50).  In 
addition,  the  over-expression  of  Bcl-2  is  implicated  in  the 
formation  of  hormone-independent  prostate  tumors  because  it 
inhibits  the  apoptotic  effect  of  TGF-/3  and  androgens  (51).  The 
identification  of  the  phenotype  of  prostatic  stem  cells  that 
express  high  levels  of  Bcl-2  may  therefore  aid  in  identifying  the 
target  cells  from  which  these  lesions  originate. 

The  identification  of  other  antigens  expressed  by  the  popula¬ 
tion  of  cells  that  express  Sca-1,  a6  integrin,  and  Bcl-2  may  result 
in  the  definition  of  a  more  comprehensive  phenotype  for  pros¬ 
tate  stem  cells.  For  example,  the  expression  of  antigens  such  as 
CD133  (prominin),  which  has  been  found  on  human  putative 
prostatic  stem  cells  (52),  signaling  molecules,  such  as  Wnt, 
Notch,  and  Hedgehog,  that  are  involved  in  stem  cell  renewal  and 
maintaining  stem  cell  niches  (53,  54),  and  members  of  the 
Polycomb  family,  such  as  Bmil  and  EZH2  (55,  56),  may  further 
stratify  the  prostatic  stem  cell  phenotype.  Because  cancers  may 
arise  from  mutations  in  stem  cells  (2,  4,  5)  and  because  benign 
prostatic  hyperplasia  may  result  from  aberrant  proliferation  of 
these  cells  (7),  the  identification  of  the  stem  cell  phenotype  of 
prostate  cells  may  permit  the  development  of  rational  targeted 
therapies  for  treating  both  conditions. 
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